42 Background: Illnesses transmitted by Aedes aegypti (dengue, chikungunya and Zika) 43 comprise a considerable global burden; mosquito control is the primary public health tool to reduce 44 disease transmission. Current interventions are inadequate and insecticide resistance threatens the 45 effectiveness of these options. Dried attractive bait stations (DABS) are a novel mechanism to 46 deliver insecticide to Ae. aegypti. The DABS are a high-contrast 28 inch 2 surface coated with dried 47 laboratory, complete lethality was observed after 48 hours regardless of physiological status of the 58 mosquito. The killing mechanism was determined to be through ingestion, as the boric acid 59 disrupted the gut of the mosquito. In experimental houses, total mosquito mortality was greater in 60 the treatment house for all series of experiments (p<0.0001). Conclusions: The DABS devices were 61 effective at killing female Ae. aegypti under a variety of laboratory and semi-field conditions. 62 DABS are a promising intervention for interdomiciliary control of Ae. aegypti and arboviral disease 63 prevention. 64 65
sugar-boric acid solution that elicits an ingestion response from Ae. aegypti landing on the surface. 48
The study presents the development of the DABS and tests of their impact on Ae. aegypti mortality 49 in the laboratory and a series of semi-field trials. Methods: We conducted multiple series of 50 laboratory and semi-field trials to assess the survivability of Ae. aegypti mosquitoes exposed to the 51 DABS. For laboratory experiments we assessed the lethality, the killing mechanism, and the shelf 52 life of the device through controlled experiments. In the semi-field trials, we released laboratory-53 reared female Ae. aegypti into experimental houses typical of peri-urban tropical communities in 54 South America in three trial series with six replicates each. Laboratory experiments were conducted 55 in Quito, Ecuador, and semi-field experiments were conducted in Machala, Ecuador -an area with 56 abundant wild populations of Ae. aegypti and endemic arboviral transmission. Results: In the 57 Background 68 Arboviral illnesses, including dengue, chikungunya, yellow fever, and Zika, are major 69 contributors to morbidity and mortality in the tropics and subtropics. The burden is particularly 70 apparent in Central and South America: between 2010-2018, the estimated annual number of 71 dengue cases in the region ranged from 500,000 to 2,400,000 [1] , and since 2013 it is estimated that 72 there have been a total of >1 million cases of chikungunya [2] , and 3-4 million cases of Zika [3] . 73
The viruses causing these diseases are spread mainly by the mosquitoes Aedes (Ae.) aegypti and 74
Ae. albopictus, with Ae. aegypti serving as the principal vector in many South American countries, 75
including Ecuador [3] . Due to the lack of commercially-available vaccines for most human 76 arboviral diseases, prevention efforts focus on vector surveillance and control methods [4] . 77
Vector control relies heavily on contact-based insecticides, which are available in four main 78 classes: organophosphates, pyrethroids, carbamates, and organochlorines. Indoor residual spraying 79 is a common approach to vector control, for which twelve insecticides are available and approved 80 for human use. This small number of approved insecticides constitutes an impediment for the 81 implementation of effective vector control strategies (such as pesticide rotation cycles) aimed at 82 decreasing the development of resistance to any single insecticide [5] . As a result, pesticide 83 resistance has become a major limitation for current vector control strategies, and is widespread in 84 South American countries [6] [7] [8] . Our current reliance on a few chemical molecules to control Ae. 85 aegypti is an increasingly flawed strategy, as evidenced by the proliferation of this disease vector 86 across the globe and increasing arbovirus epidemics [9] . 87
In contrast to the contact-based insecticide approach of the public health sector, the 88 agricultural industry has focused on ingested insecticides for pest control. The use of ingested 89 insecticides could be applied in disease control programs and interventions if disease vectors are successfully led to ingest the insecticide. One solution, attractive toxic sugar baits (ATSB), exploits 91 the nectar-feeding behavior of mosquitoes [10, 11] to deliver the insecticide. An ATSB uses a 92 mixture of a lethal agent with sugar water and sometimes an additional attractant [12] . ATSBs Compared to other mosquito species, Ae. aegypti appear to have a lower propensity for 100 sugar-feeding, preferring human blood meals instead [11] . Despite this, Ae. aegypti females will 101 readily feed on sugar in the laboratory, and often feed on plant sugars in the wild [28-30]. However, 102 traditional attractive sugar bait strategies that rely only on sugar as an attractant are likely 103 insufficient to "lure" female Ae. aegypti in the natural environment 104
Herein we present the development of dried attractive bait stations (DABS) ( Figure 1 ), and 105
show results from laboratory and semi-field experiments. In the laboratory we first identified the 106 lethality of DABS (Series 1.1), aimed to identify the killing mechanism of the DABS (Series 1.2), 107 assessed how the physiological status altered the effectiveness of DABS (Series 1.3), and assessed 108 the shelf life of the DABS (Series 1.4). In the semi-field trials, we sought to determine the timing of 109 mosquito mortality (Series 2.1), assess the relationship between DABS exposure time and mosquito 110 mortality (Series 2.2), and to demonstrate these effects in the presence of competing attractants 111 (Series 2.3). 112
Results

113
Laboratory experiments
114 115
Mosquitoes exposed to DABS presented 55% survival probability reduction in the first 24 118 hours post-exposure, and an additional 45% reduction between 24h and 48h post-exposure, 119 resulting in 100% mortality by the end of the experiments (Figure 2 ). In contrast, mosquitoes 120 exposed to control devices presented only a 1% reduction in their survival probability during the 121 first 24h. This value increased to 2% during the second 24h period, resulting in 98% survival 122 probability by the end of the experiment. Differences between the survival curves of toxic and 123 control treatments were highly significant (p<0.001). 124 125 Series 1.2: Characterization of the biological mode of action of the device.
127
After 48 hours, mosquitoes that could still feed (i.e. mosquitoes with an intact proboscis), 128 presented 100% mortality when exposed to the toxic device, and 3% mortality when exposed to the 129 non-toxic control device. Mosquitoes that could not feed (those with ablated proboscis) presented 130 38% mortality regardless of inclusion in the ATSB-device condition or control non-toxic condition. 131
Significant differences were found between the four treatments (p<0.001). Post-hoc pairwise 132 comparison determined that (a) the mortality of ablated mosquitoes exposed to toxic devices was 133 not significantly different to the mortality of ablated mosquitoes exposed to control devices, and (b) 134 the mortality of ablated mosquitoes was significantly different from the mortality of whole 135 mosquitoes exposed to toxic devices and whole mosquitoes exposed to control devices ( Figure 3 ). 136
Mosquitoes that had ingested toxic sugar solution presented histological abnormalities in 137 the posterior midgut. Electron micrographs revealed disruptions in the continuity of the gut 138 epithelium ( Figures 4A, 4C ). In addition, we found abnormal adipocytes that we hypothesize are 139 undergoing a process of necrosis ( Figures 4E, 4F ), and an increase in both the size and number of 140 basal infolds in the gut epithelial cells. We hypothesize that boric acid ingestion is the cause of 141 these pathological changes, which contributed to the mortality observed in specimens exposed to toxic devices. Microscopic images of individuals exposed to control devices presented none of these pathologies on the posterior midgut ( Figures 4B, 4D Mosquitoes with both physiological statuses evaluated (blood fed and parous) presented a 148 lower survival probability when exposed to toxic devices than when exposed to non-toxic control 149 devices. Blood fed females' survival probability dropped 13% during the first 24h interval, 22% 150 during the second 24h interval, and 55.6% during the last interval, resulting in 8.89% survival 151 probability by the end of the experiment. Blood fed non-toxic mosquitoes exposed to control 152 conditions resulted in 90% survival probability at the end of 72 hours after having dropped 9%, 1%, 153 and 0% during the three 24-hour intervals, respectively ( Figure 5A ). Differences between control 154 and toxic treatment survival curves were significant (p < 0.001) 155
Parous female mosquitoes presented a 66% decline in survival probability during the first 156 24 hours and a 0% survival probability after 48 hours of exposure to the ATSB devices ( Figure 5B ). 157
These results are significantly different (p < 0.001) from the non-toxic control group, that showed a 158 drop in survival probability of 2% during the first 24h, resulting in 98% survival after 48 hours of 159 exposure. 160 161 Series 1.4: Assessment of shelf-life of the DABS device 162 163
Mosquitoes exposed to toxic devices stored for 38 days showed 0% survival probability 164 after the first 24 hour interval; mosquitoes exposed to control conditions showed 96% survival 165 through 48 hours ( Fig. 6A ). Differences in survival between conditions were highly significant (p < 166 0.001). Mosquitoes exposed to toxic devices stored for 80 days showed 16% survival probability 167 after the first 24 hour period and 0% survival probability after 48 hours; mosquitoes exposed to 168 control conditions showed 97% survival probability after 48 hours ( Fig. 6B ). Differences in survival between conditions were highly significant (p < 0.001). Mosquitoes exposed to toxic devices stored 170 for 118 days showed 95% survival probability after the first 24-hour period, 64% survival during 171 the second 24-hour interval, and 35% survival probability after 72 hours; mosquitoes exposed to 172 control conditions showed 96% survival probability after 72 hours ( Fig. 6C ). Differences in survival 173 between conditions were highly significant (p = 0.001). When comparing the results of 24 hours (Series 2.1) to 48 hours of exposure (Series 2.2), 48 193 hours of exposure results in higher mortality at 48 hours (p<0.001) in the treatment group (Table 1) , 194 with no difference in the control groups (p=0.151). When comparing 48 hours of exposure to DABS (Series 2.3), there is no effect of a competing attractant on the effect of DABS on mosquito 197 mortality (p=0.784) in the treatment group (Table 1) aegypti under laboratory and semi-field conditions. In these settings, we show that mortality occurs 202 within the first 48 hours of exposure to our devices. In addition, DABS attract and kill Ae. aegypti 203 even in the presence of an alternative sugar source. To the best of our knowledge, this device is the 204 only known "dry" ATSB. The simple and economic design lends itself to in-home use in resource 205 limited settings where Ae. aegypti target human hosts and transmit dangerous arboviruses. 206
Our assessment of the biological action of the devices provides an insight into the 207 mechanism by which low concentrations of boric acid affect Ae. aegypti. We determined that boric 208 acid enters the insect´s body by ingestion, further supporting the notion that this inorganic pesticide 209 acts as a stomach poison, as previously suggested ( Considering that the proposed mechanism by which boric acid exerts its toxic effect (gut 215 disruption) is markedly different from the neurotoxic mechanism by which most traditional 216 pesticides cause mortality, we propose that our devices have the potential to act as efficient 217 complementary tools to combat the spread of resistance to traditional pesticides. By combining the 218 use of DABS with traditional pesticides in the same areas, it would be possible to target two simultaneously, thereby reducing the mosquito´s probability of survival. 221
We observed significant mortality of blood fed female Ae. aegypti exposed to the DABS 222 device, albeit at lower rate than starved females. Interestingly, the largest drop in survival 223 probability in blood fed females is observed between 48h and 72h post-exposure to the device ( We hypothesize that our device attracts Ae. aegypti with strong visual cues (as opposed to a 242 chemical) as an attractant. Ae. aegypti are container breeders [31, 32] , that utilized tree holes in their 243 natural forested habitat before adapting to life in human civilization. The DABS device has a high-244
contrast (black and white) 28-inch 2 surface to simulate a refuge for Ae. aegypti [33] . High contrast coloring has similarly been integrated into prior trap designs and has been shown to improve 246 capture rates of Ae. aegypti [34] . We believe the high-contrast coloring of DABS draws Ae. aegypti 247 to land on the device. 248
These experiments have demonstrated the effectiveness of DABS on Ae. aegypti in 249 laboratory and semi-field experimental conditions. Our approach differs from most ATSB 250 approaches in two important ways: firstly, we use a dried sugar solution to elicit an ingestion 251 response while other ATSBs typically use liquid nectar-simulants [12, 15, 17, 26] . We hypothesize 252 that the dried sugar solution is a key element in the effectiveness of DABS. Similar to other diptera 253
[35], Ae. aegypti are able to evaluate surfaces with their feet, and the "taste" of a landing surface 254 can either lead the mosquito to feed and ingest, or reject, the surface [36]. Additionally, the dried 255 sugar solution provides two operational advantages over liquid solutions: liquid solutions are more 256 difficult to manufacture, ship, and distribute than dried solutions, and the dried device can be 257 smaller and more easily deployed. Secondly, we use a visual rather than chemical attractant to lure 258
Ae. aegypti to the device. Chemical attractants add to the cost and decrease the shelf life of any 259 device. Previous research has questioned the ability of sugar solutions alone to attract mosquitoes 260 [26, 37] , leading to research on chemical attractant additives for ATSBs, but the use of chemical 261 attractants in ATSBs targeting Ae. aegypti have been unsuccessful [26, 27] . We demonstrate that a 262 simple black-and-white visual attractant is a sufficient motivator for female Ae. aegypti to land on 263 the surface of DABS even in the presence of a competing oasis and alternative sugary food. Taken 264 together, we hypothesize that the visual cues attract the Ae. aegypti to land on the device, upon 265 which the presence of the dry sugar on the device's surface entices the insect to ingest it. When this 266 sugar solution is mixed with boric acid, ingestion results in insect mortality. 267
We propose that these encouraging results justify larger field trials of DABS in open-air 268 environments. We show that 48 hours of DABS exposure leads to high mosquito mortality when 269 used in the laboratory and in experimental houses reminiscent of peri-urban tropical housing. 270 Furthermore, we have established that the effectiveness of DABS for killing Ae. aegypti is maintained even after prolonged storage periods, a characteristic that would facilitate their use in 272 semi-field and field conditions. 273
Semi-field trials are a crucial step to bring a scalable, marketable product to in-home field 274
testing. An in-home approach is ideal for control of Ae. aegypti, as the vector has an extremely 275 limited flight range, often spending its entire life within a single household [5, 32, 38] . Other 276 research with ATSBs has shown that end-users of these products prefer to have them placed indoors 277 These experiments were conducted under laboratory and semi-field conditions, which can 283 only moderately emulate real-world/field conditions. Semi-field experiments were limited to 284 nulliparous females and we cannot be certain how DABS will affect gravid or blood-fed females or 285
males in an open-air environment-though it should be noted that DABS were equally effective in 286 attracting and killing blood-fed and nulliparous females under laboratory conditions. It is also 287 unclear if DABS would impact non-target insect species, such as butterflies or other pollinators, 288 though if DABS are limited to use inside the home, it is unlikely to affect these species. Although 289 DABS performed well in the presence of a competing attractant (100 grams of apples), it is unlikely 290 that the attractant used in our experiments are a realistic substitute for open-air field conditions. An 291 actual home will contain many competing attractants, including human hosts. It is difficult to know 292 if the success of DABS in semi-field conditions will be replicated in occupied homes in the field; 293 the number and placement of DABS may need to be modified. In addition, it is unclear how end 294 users will react to placement of DABS in their homes, although there is evidence that residents in 295 areas of high Ae. aegypti burden are willing to utilize numerous home-based mosquito control 296 products [39] . 297
Conclusions 299 300
With careful design and device placement consideration, we have created a promising 301 vector control device ready for large-scale trials to test its ability to control Ae. aegypti in natural 302 conditions. We demonstrated that DABS are capable of attracting and killing female Ae. aegypti in 303 experimental houses, and that 48 hours in the presence of DABS leads to high mortality among 304 female Ae. aegypti. Importantly, DABS were efficient at killing female mosquitoes of diverse 305 physiological statuses, and can attract and kill female Ae. aegypti even in the presence of a 306 competing attractant. These devices have promising effectiveness and this semi-field evaluation of 307 DABS is an important step forward in the development of novel devices for the control of Ae. 308
aegypti. 309
Materials and methods
310
Aim and design 311 312 The general aim of our study was to assess the effectiveness of DABS at killing female Ae. 313 aegypti under laboratory and semi-field experimental conditions. Our specific aims were (a) to 314 determine the timing of mosquito mortality (Series 1), (b) to assess the relationship between DABS 315 exposure time and mosquito mortality (Series 2), and (c) to demonstrate these effects in the 316 presence of competing attractants (Series 3). These aims were tested in three series of six trial 317 replicates to compare control and treatment experimental conditions. 318
Study setting 319 320
Laboratory experiments 321 322 insectary conditions: 28 ± 1°C temperature, 80 ± 10% relative humidity, and a 12h:12h (L:D) light 325 cycle. Larvae were fed finely ground fish food. When required, mosquitoes were sexed during the 326 pupal stage. Adults were kept in 15x15x15 cm cages. For maintenance, adult mosquitoes were fed 327 10% sucrose solution ad libitum. For blood feeding, female adult mosquitoes were offered access to 328 a restrained female mouse. All mosquitoes were maintained under insectary conditions between 0 329 and 14 days after adult emergence before they were used for experiments. Mosquitoes referred to as 330 "starved" in this manuscript were deprived of access to sugar or blood (but not water) for 48h prior 331 to their use in experiments. To determine whether exposure to the DABS devices has an influence on adult mosquito 385 survival probability, we conducted an experiment in which groups of 30 adult female mosquitoes, 386 placed in a 15x15x15cm cage, were exposed during 48 hours to either an DABS device or a control 387 device (sugar solution but no boric acid). We replicated each experiment four times. The assessment 388 was repeated using each of the two laboratory strains described previously. To establish whether the toxic component of DABS needs to be ingested by the mosquitoes 393 in order to exert its effect, we presented the devices to cohorts of adult females that were unable to 394 ingest food due to the surgical ablation of their mouthparts. To establish these cohorts, individual 395 mosquitoes were first anesthetized by placing them at 4°C during 10-15 minutes. Anesthetized 396 specimens were individually placed under a dissection microscope and, using a human hair, we tied 397 a knot at the proboscis' proximal end in order to create a constriction that would impede the flow of 398 food. Subsequently, the part of the proboscis anterior to the knot was removed using micro-399 dissection scissor (Supplemental Figure 3) . Following the surgery, mosquitoes were left to rest for 400 anesthetizing procedure in mosquito survival, non-ablated mosquitoes used in control groups were 402 also placed at 4°C during 10-15 minutes, and allowed to recover during 24 hours before 403 experimental set-up. 404
We conducted the experiment with four separate cages, each with 20 starved mosquitoes 405 (Table 2 shows different treatments). We treated cage 1 with toxic DABS devices and used 20 406 ablated mosquitoes; cage 2 held non-toxic control devices and 20 ablated mosquitoes. We treated 407 cage 3 with toxic DABS devices and non-ablated mosquitoes; cage 4 held a non-toxic control 408 device and non-ablated mosquitoes. We assessed mortality in all groups at 24 and 48 hours of 409 exposure to the devices. We replicated the experiment three times. 410
We then conducted an experiment wherein 30 adult starved female mosquitoes were 411 introduced to a cage with a DABS device, and 30 adult starved female mosquitoes were introduced 412 to a cage with a non-toxic control device. We monitored cages for 24 hours, and removed dead 413 mosquitoes by aspiration every hour from the cages. Using a dissection microscope, we removed 414 the legs, head, and wings of every dead specimen onto a drop of 70% ethanol. Through this process 415 we gently disrupted the abdominal cuticle to permit the exposure of internal tissues to the fixative. 416
Afterwards we fixed individual mosquitoes in a solution containing 2.5% glutaraldehyde, 2.5% 417 paraformaldehyde in 0.1M cacodylate buffer (pH 7.4), and stored them at 4°C for 72 hours. We 418 then washed specimens in cacodylate buffer with 0.1M sucrose overnight. Post-fixing was achieved 419 by leaving the specimens for two hours at 4°C in 2% osmium tetroxide in 0.1 cacodylate buffer (pH 420 7.4). Subsequently, individuals were stained using 2% uranyl acetate and left to rest for three hours 421 in the dark at room temperature. Tissues were later dehydrated through a series of ethanol baths 422 (50%, 70%, 95%, 100%). Afterwards, they were placed in propylene oxide for 30 minutes, then in a We examined two different physiological statuses using mated starved female adult 433 mosquitoes, namely blood fed and parous. We established females deemed as "blood fed" by 434 selecting blood-engorged individuals immediately after a blood meal. We established females 435 deemed as "parous" by first blood feeding and subsequently maintaining mosquitoes for 7 days 436 under insectary conditions in order to ensure that they had oviposited before being used for 437 experimentation. We set up two cages for each of the defined physiological statuses, each with 30 438 mosquitoes. One cage exposed the mosquitoes to an ATSB device, and the other held a control non-439 toxic device. We gathered survival data at 24 and 48 hours following introduction to the cages, and 440 replicated these experiments three times. In order to determine the shelf life of ATSB devices, toxicity tests were performed using 445 devices which had been stored for 38, 80, and 118 days after their production. For storage, devices 446 were individually wrapped inside a sealed plastic bag and placed in an incubator at 28 ± 2°C and 80 447 ± 10% relative humidity. We conducted three replicates of previously described experiments for 448 each storage time. Ethics approval: 513 These study protocols were found to be exempt from Institutional Review Board review by 514 Syracuse University Institutional Review Board. 515
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Availability of data and material: 518 The datasets used and/or analysed during the current study are available from the 519 corresponding author on reasonable request. 520 posterior midgut. Panels A, C, D: Mosquitoes exposed to toxic devices. Panel B: Mosquito exposed 716
to non-toxic device. Specimens exposed to toxic devices showed disruptions in the gut integrity 717 (ED, panel A). Because of the even distribution of adjacent bacterial cells in the gut lumen, this 718 disruption is unlikely to be the result of sample processing for electron microscopy. Abbreviations: 719 AD: Adipocite; BC: Bacterial cells in gut lumen; ED: Epithelial disruption; GL: Gut lumen; ME: 720
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